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tive treatment. 15 If IS causes radiculopathy, it is often explained by narrowing of the neuroforamen, also known as foraminal stenosis.
The anatomical landmarks of the neuroforamen are defined by the upper and lower pedicle on the cranial and caudal part, the facet joint on the posterior part, and the upper and lower vertebral body with the corresponding disc on the anterior part. Foraminal stenosis tends to compromise the nerve exiting below the pedicle of the superiorly located vertebra.
Throughout the years, several surgical options have been described to treat IS. Principles of these techniques include bony decompression, bone fusion, instrumentassisted fusion, and reduction. 6, 10 In 1955 Gill et al. introduced a novel technique to perform bony decompression without the necessity of instrumented fusion. 8 This technique consists of the removal of all loose posterior elements and cartilaginous tissue until the nerve is decompressed. A major drawback of this method is the risk of increasing the spinal instability postoperatively.
Nowadays the gold standard surgical procedure to treat IS includes decompression of the nerve root and reduction of the anterior slip, followed by instrumented fusion. 6, 9, 10, 19 Apart from the increasing costs of the instrumentation, there are several disadvantages and issues related to instrumented fusion, including adjacent-segment disease, pseudarthrosis, and other potential complications. 16 We describe an innovative method to decompress the nerve, using a foraminal reconstruction technique (FRT). This was achieved by pedicle removal and posterolateral noninstrumented in situ fusion, without reduction or interbody devices. Preliminary results of this new method are presented and discussed.
Methods
Charts from a departmental database of patients who underwent the FRT between 1999 and 2016 were reviewed. Patients were eligible for surgery if they had persisting radicular complaints, of which the most important aspect was leg pain causing restrictions on functioning in daily life. This had to occur in the presence of clinical, correlated nerve root compression on MRI at the location of the intervertebral foramen and IS at that lumbar level. For patients to be included in this study, pre-and postoperative imaging had to be available and there had to be a follow-up of at least 3 months.
Medical records were screened for patient parameters, surgical parameters, the effect of treatment on leg and back pain, the presence of complications related to the treatment, and the need for "redo" surgery. Informed consent for undergoing this novel treatment was obtained from all patients. Approval for the study was acquired from the institutional review board of the Erasmus MC: University Medical Center Rotterdam.
Radiographic Assessments
Anteroposterior and lateral radiographs of the lumbar spine obtained preoperatively were evaluated and compared with radiographs performed at 3 months and up to 18 months postoperatively to evaluate progression of the slip and bone formation. An experienced orthopedic spine surgeon was blinded for any clinical information and evaluated all radiographs at 3 months (L.d.K.) and at the latest follow-up (F.C.v.B.). Progression of the slip was defined as a 1-grade increase of the slip on radiographs at 1 year postsurgery compared with preoperative radiographs.
Surgical Technique
All patients underwent surgery in the prone position under general anesthesia. Fluoroscopy was used to identify the level at which IS was located, and a median skin incision was performed. The paravertebral muscles were exposed and released from the spinous processes and laminae. After exposing the lamina bilaterally, the loose lamina and corresponding superior articular process were removed. The fibrocartilaginous tissue was excised and the lateral recess was explored to identify the pedicle and the nerve root.
In all patients the nerve was stretched around the pedicle into the neuroforamen. To reconstruct a new, larger neuroforamen, a high-speed drill was used to remove a large, full-width, caudal part of the pedicle until the nerve was fully decompressed. The concept of the procedure is drawn schematically in Fig. 1 . After removal of the pedicle, the nerve root migrates cranially to the space that is thereby created. Nerve root decompression was considered to be sufficient if there was no contact of the nerve root with the pedicle anymore. Sometimes total removal of the pedicle was necessary to achieve this. In cases of bilateral radiculopathy, the opposite side was treated likewise.
The bone graft harvested from the right iliac crest was placed posterolaterally on both sides of the transverse process between the upper and lower adjacent segments of the slip. The postoperative treatment consisted of 3 months of immobilization in a plaster cast made of calcined gypsum. The plaster cast included the most affected leg.
To clarify the concept, radiographic results in a 22-yearold woman with grade III IS who was successfully treated with in situ fusion are presented in Figs. 2 and 3. The radiograph obtained after removal of the plaster cast showed fusion and no progression of the slip. A postoperative MRI study showed a successful decompression of the L5 nerve, with CSF and fat surrounding the nerve root (Fig. 4) .
Results
A total of 58 patients were surgically treated using the FRT. Table 1 shows the patient characteristics. The patient population consisted of 25 (43.1%) women and 33 (56.9%) men, with an average age of 47 years. The level of spondylolisthesis was L5-S1 in 41 (70.7%) patients and L4-5 in 13 (22.4%) patients. There were 2 (3.4%) patients with IS on L3-4, 1 (1.7%) on L5-6, and 1 (1.7%) on level L6-S1.
In 41 (70.7%) patients there was a grade I slip, 16 (27.6%) patients had a grade II slip, and 1 (1.7%) patient had a grade III slip.
The mean (± SD) duration of surgery was 216.5 ± 54.5 minutes (range 91-340 minutes) ( Table 2 ). In 54 (93.1%) of 58 patients the pedicle was removed partially, whereas in 4 (6.9%) patients a total removal of the pedicle was performed. The mean (± SD) duration of hospitalization was 10.1 ± 2.9 days, and varied from 5 to 18 days. One patient was lost to follow-up, and 3 patients had no data available on leg pain at the most recent visit.
Postoperative wound infection occurred in 3 (5.2%) patients, who were all treated with only antibiotics. One patient had an ulnaropathy directly postoperatively, with tingling in her small finger, probably due to the position of her arm during surgery. One patient received packed red blood cells after surgery because of subsequent bleeding, but no additional surgery had to be performed.
The mean duration of follow-up was 9.1 months (range 2-18 months), and 49 (86%) of 57 patients had no leg pain at 3 months postoperatively. This dropped to 81% at the latest follow-up postoperatively. Of the 11 patients who showed recurrent leg pain at the latest visit after surgery, 1 patient underwent a revision procedure within 1 year. The revision procedure had no effect on the leg pain. Although back pain was not an indication to perform surgery, 72% of our patients reported a decrease in back pain after surgery.
None of the patients showed progression of the slip at 3 months (Fig. 5) . At the last follow-up, 5 patients (8.8%) showed a 1° progression of the slip, from grade I to grade II, which in 1 patient prompted a second operation. In 50 (87.7%) of 57 patients, clear signs of bone formation were present 3 months postoperatively on the radiographs.
Discussion
We describe a novel technique for the surgical treatment of IS. Our study shows that after we use this technique, 86% of patients are free of leg pain 3 months after surgery and 81% remain free of leg pain after a mean follow-up of 9 months. Although back pain was not an indication to perform surgery, 72% of our patients showed a decrease in back pain after surgery. These results are in agreement with other reports. 9, 13 In 87.7% of patients there were signs of bone formation on radiographs. In 5 patients there was progression of the slip at the latest follow-up, which was clinically relevant in 1 patient who subsequently underwent a second operation, albeit without improvement.
Our technique has several advantages over instrumented fusion techniques. First, the reconstruction of the neuroforamen creates more space for the nerve due to the removal of the pedicle. In case of subsidence or progressive slip, the nerve will be less prone to bony compression, which is illustrated by the fact that only 1 of 5 patients with progressive slip showed recurrent leg pain requiring a second surgery. The second advantage of this method is that even though there is no use of screws and rods, the 87.7% bone formation and only 8.8% progression of slip at the latest visit are both indicative of an acceptable, stable, and solid situation. Malpositioning of screws is no longer a problem. There is no risk of pullout, breakage, or infection of the screws, and removal of implants is no issue with this technique. The third advantage is that no hardwarerelated artifacts will be seen on postoperative MRI. This will have important clinical relevance when correlating the MRI to new or recurrent complaints.
The next advantage is that the bone graft material is placed on the transverse process; hence, little or no bone formation will occur posteriorly, which supports a relatively easy surgical access if future spine surgery should be necessary. Another advantage is the cost-effectiveness of the FRT over instrumented fusion techniques. When we look at the trends in the surgical management of IS in the US, the rate of fusion surgeries has increased from 28.31 surgeries in 1998 to 122.69 surgeries in 2011 per million Values are expressed as the mean ± SD or the number of patients (%). * Information was missing in 1 patient.
FIG. 5.
Bar graph showing the degree of the vertebral slip pre-and postoperatively.
adults per year. 18 Similarly in that period, the use of posterior transforaminal lumbar interbody fusion (TLIF) has increased the most (4.33 times). The increased cost for the health care due to the use of implants can perhaps be halted by the use of noninstrumented fusion techniques. Finally, patients can now also be offered the choice of another, noninstrumented fusion technique to treat IS.
A major disadvantage of noninstrumented fusion is that the patient is immobilized postoperatively in a plaster cast for 3 months, including the most affected leg. Next, in harvesting bone from the iliac crest, graft site pain is the most frequently reported donor site morbidity. However, recently it has been shown that patients are not capable of distinguishing which iliac crest was used for the autograft, which implies that donor site morbidity may not be as relevant as was initially thought.
14 Finally, no randomized data are available to compare this technique to the gold standard.
There are several limitations to our study. Due to its retrospective nature, evaluation of outcome was limited to self-reported pain. Standardized pain evaluations completed using patient-reported outcome measures were not used. Furthermore, our study includes only 1 patient with a grade III slip, which affects the generalizability of our results. Another limitation of this study is the short length of follow-up; namely, a mean follow-up of 9.1 months with a range of 2-18 months. Prospective studies using patientreported outcome measures with longer follow-up are therefore necessary to show the effectiveness of the FRT on radiculopathy and on preventing progression of the slip.
Reporting and sampling bias are a major concern in this study. However, our aim was to show that treatment of IS by using in situ fusion combined with pedicle removal is in agreement with results found in the literature, in which conventional instrumented fusion techniques were used.
Several surgical techniques for IS have been compared thus far, but mostly without any statistically significant differences.
3,4,9-12 A systematic review was performed comparing anterior lumbar interbody fusion (ALIF), TLIF, posterior lumbar interbody fusion (PLIF), posterolateral fusion (PLF), and circumferential fusion (CF) in the treatment of IS. In this review, CF showed the highest fusion rate, TLIF resulted in fewer complications, and the best sagittal alignment was achieved using ALIF. 19 Due to methodological differences in the studies, no recommendations were given regarding the optimal approach.
Recently, a meta-analysis of randomized controlled trials comparing instrumented and noninstrumented fusion in isthmic and degenerative spondylolisthesis was published. 21 The authors found a significantly higher fusion rate after instrumented procedures, but there was no significant difference in patient-reported clinical outcome.
The use of instrumented versus noninstrumented fusion in the spine has been an area for many discussions. 2, 5, 7, 17 Recently, a systematic review concluded that instrumented fusion with decompression appeared to be more successful than decompression alone in the treatment of degenerative spondylolisthesis, albeit with poor evidence. 17 This conclusion, however, could not be confirmed by a robust randomized controlled trial. 5 Similarly, perhaps instrumented fusion techniques may not show the additional value in clinical outcomes over noninstrumented fusion techniques.
Cost-effectiveness is a growing concern in health care, and it is even more so in instrumented spine surgery. A study on the cost-effectiveness of PLF versus PLIF/TLIF in lumbar IS and degenerative spondylolisthesis showed PLF being moderately more cost-effective in the long run.
1 Because our surgical technique has similar results compared with instrumented procedures, the cost-effectiveness of the treatment of IS should be the subject of debate. A randomized trial for a comparison of the instrumented and the noninstrumented techniques for clinical and radiographic outcomes and for cost-effectiveness is indicated for the near future.
